ABSTRACT. A fatal encephalomyelitis was developed after intracerebral and hind limb inoculation of in 6-week-old C57BL/6J mice by the inoculation of fixed rabies virus (CVS-11 strain), intracerebrally and into hind. After the intracerebral inoculation, virus antigens were detected in the cerebral cortex and hippocampus at 2 days postinoculation (PI), and later spread centrifugally to thalamus, brain stem, cerebellum, spinal cord and spinal ganglia. At 4 days PI, severe apoptosis and DNA fragmentation were observed in the hippocampus and cerebral cortex. All mice infected intracerebrally were dead without limb paralysis at from 10 to 11 days PI. In contrast, mice infected with virus intramuscularly were persistently observed virus antigens in the myocytes at the site of inoculation from 2 days PI. At 4 days PI, the antigens were demonstrated in the spinal dorsal root ganglia, spinal cord and muscle spindles without their detection in the cerebrum and hippocampus. There were no apoptosis in the spinal cord and dorsal root ganglia, however hind limb paralysis was found in all infected mice. Hind limb paralysis was progressed to quadriparalysis, and mice were dead from 11 to 13 days PI. From 4 days PI, necrosis of neuron was observed in the the spinal and dorsal ganglia with infiltration of lymphocyte. This study suggested that the necrosis of spinal neurons was more important to cause the paralysis of hind limb rather than the severe cerebral infection and apoptosis in C57BL/6J mice infected with CVS-11 strain. The virus primarily replicated in the muscles was ascended the spinal cord via afferent fibers and retrogradely invaded the cerebrum, and with subsequent spread to muscle spindles. KEY WORDS: C57BL/6J mouse, encephalomyelitis, pathogenesis, rabies (CVS-11).
Rabies is an ancient disease that is still endemic in many parts of the world. Rabies virus is a neurotropic virus that causes fatal encephalomyelitis in humans and animals [23] ; however, the precise invasion routes from the periphery to the central nervous system (CNS) are unknown. It was hypothesized that replication of virus in skeletal muscle might be necessary to generate sufficient virus for entry into the peripheral nervous system [4, 5] . Other studies indicate that the virus can enter nerve terminals directly without replication in muscle [3, 9, 15, 18, 20, 30] . Anatomical analyses of neuronal nuclei infected by rabies virus following peripheral inoculation have demonstrated that the virus propagates in the CNS across chains of synaptically connected neurons [1, 19, 27, 29] .
The Challenge Virus Standard (CVS) strain of fixed virus is a pathogenic virus that causes fetal acute myeloencephalitis. In several studies, it was reported that apoptosis plays an important role in pathogenesis of CVS virus infected animals [23] . Apoptosis is considered individual cell death, as it does not induce damage to neighboring cells. In contrast, necrotic cell death, which occurs in response to acute cellular damage, is characterized by cellular alterations that differ from those characteristic of apoptosis, including cell swelling, random degradation of chromatin, and eventually cell lysis [7, 21] . Intracerebrally inoculated rabies virus (CVS strain) caused strong apoptosis in the cerebral cortex and hippocampus in suckling and adult ICR mice [16, 22] , while the Purkinje cells of the mouse and rat embryonic spinal motor neurons were more resistant to apoptotic cell death [10, 16] . These reports suggest that various neuronal cell types have susceptibility to rabies virus but that the mechanism of induction of cell death differs among neurons after infection.
In this study, fixed CVS-11 strain was inoculated into the cerebrum and peripheral muscles of adult C57BL/6J mice, and the primary target cells and the sequential involvement of major regions during infection in the peripheral tissues and CNS were investigated. In addition, the patterns of neuronal cell death with time courses in the brain and spinal cord of infected mice were compared.
MATERIAL AND METHODS

Virus, animals, and inoculations:
The CVS-11 strain of fixed rabies virus, which was obtained from Dr. C. E. Rupprecht (Rabies Section, Viral and Rickettsia Zoonoses Branch, Center for Disease Control and Prevention, Atlanta, GA, U.S.A.), was replicatedgrown in mouse A/J (H-2a) neuroblastoma cells as previously described [27] . Thirty nine 6-week-old C57BL/6J mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). Intracerebrally (right forebrain), 18 mice were inoculated with viral doses of 10 5 plaque-forming units of the CVS-11 strain suspended in phosphate-buffered saline (PBS). Whereas, intramuscularly (right triceps surae muscle), 21 mice were inoculated viral doses of 10 5 and 10 7 plaque-forming units of the CVS-11 strain suspended in phosphate-buffered saline (PBS). Two groups of 2 uninfected control mice were respectively inoc-ulated with PBS, intracerebrally and intramuscularly. The inoculated mice were observed daily for neurological conditions and were killed at 2, 3, 4, 5, 7 and 9 days postinoculation (PI)-three to 6 mice per day. All experiments were performed in level-2 biosafety laboratories according to Committees on Biosafety and Animal Handling and Ethical Regulation of the National Institute of Infectious Diseases, Japan. Animal care, breeding, virus inoculation and observation were performed in accordance with the guidelines of Committees.
Necropsy and preparation of tissue sections: Each mouse was perfused transcardially with 10-15 ml of PBS followed by freshly prepared 4% paraformaldehyde in 0.1 M PBS, pH 7.4. Brains and muscles were removed and postfixed in 4% paraformaldehyde at room temperature for less than 24 hr. The spinal samples were decalcified in K-CX (Fujisawa, Japan) solution after fixation. Coronal sections of the brains at the positions of the olfactory bulb, forebrain, mamillary bodymary and pons and transverse sections of the spinal cords at C2 to C4, T3 to T5, L2 to L4 and S1 to S3 were prepared. Complete series of paraffin sections about 3 µm thick were cut and mounted on glass slides. Serial sections were used for hematoxylin and eosin (HE) staining, immunohistochemistry and TUNEL assays.
Immunohistochemistry: Paraffin sections were mounted on silane-coated slides, deparaffinized in xylene and rehydrated in alcohol, then treated with 0.025% trypsin at 37°C for 30 min. After blocking of endogenous peroxidase activity with 0.3% H 2 O 2 in methanol for 30 min, sections were treated with 5% normal goat serum to block nonspecific reactions. For detection of rabies virus antigens in the tissues, all sections were stained using the streptavidin-biotinperoxidase complex (LSAB) method using rabbit anti-CVS-11 strain nucleoprotein at a 1:2,000 dilution as previously described [13] . Tissues from uninfected mice and substitution of normal rabbit serum for the primary antibody were used as controls.
TUNEL assay: In order to compare the DNA strand breaks in tissue sections from infected mice, the terminal deoxynucleotidyl transferase mediated dUTP-biotin nick end labeling (TUNEL) method (R & D Systems, Minneapolis, MN) was used. Paraffin sections from infected mice sacrificed at 3, 5, 7 and 9 days PI were prepared according to the manufacturer's instructions. Selected slides were double labeled with the TUNEL method followed by immunostaining for rabies virus antigen without counterstaining.
RESULTS
Clinical signs:
The mice became hunched and hypokinetic 4 to 5 days after intracerebral inoculation and subsequently became moribund at 8 days PI. No mice showed paralysis before their death at 10 to 11 days PI. In intramuscularly inoculated mice, paralysis was found at 4 days PI. Paralysis was initially mild with decreased hind limb movement, but as the disease worsened, the mice became severely paralyzed at 7 days PI and progressed to quadriparalysis at 9 days PI. All infected mice died between 11 to 13 days PI.
Intracerebral inoculation Histology:
No histological changes were observed in any area, including the hippocampus, up to 3 days PI. At 4 days PI, the nuclear pyknosis and fragmentation, cytoplasmic shrinkage were first seen in the pyramidal neurons (CA3, Fig. 1a ) of the hippocampus. These findings became severe and most of the pyramidal neurons were destroyed at 7 days PI (Fig. 1b) . Lesser changes were observed in multiple other areas, including the thalamus, brain stem and cerebellum at 5 days PI. Throughout the experiments, no histological changes were observed in the neurons of the dentate gyrus of the hippocampus, spinal neurons, spinal ganglia neurons and muscles.
Immunohistochemistry: The localization of viral antigens in the cerebral cortex, hippocampus, thalamus, brain stem, cerebellum, spinal cord and muscles is summarized in Table  1 . Immunohistochemical examination revealed viral antigens in the right cerebral cortex and hippocampus (CA3) at 2 days PI. In the thalamus, brain stem, spinal cord (cervical, thoracic, lumbar, sacral), spinal dorsal ganglia, small numbers of virus positive neurons were first detected at 4 days PI. Viral antigens were not found in the glial cells in the spinal cord and brain. All of the neurons in the pyramidal layer of hippocampus were positive at 4 days PI (Fig. 1c) and more significant at 7 days PI (Fig. 1d ), but neurons in the dentate gyrus was negative. In the cerebellum, antigen positive reactions were found in the Purkinje cells and neurons in the cerebellar nuclei at 5 days PI. At 5 days PI, a small number of positive cells were observed in the muscle spindles around the thoracic vertebrae.
TUNEL assays: TUNEL staining of the brain and spinal cord sections showed prominent staining in topographic regions with apoptotic morphologic changes and viral antigen positive cells. TUNEL staining of neurons in the pyramidal layer of the hippocampus was found from 4 days PI (Fig. 1e) and gradually increased as disease progressed. Staining was most prominent in the pyramidal neurons (CA3) at 7 days PI (Fig. 1f) . Despite strong immunostaining for the viral antigen in cerebellar Purkinje cells, TUNEL staining was markedly less. No TUNEL staining was found in the dentate gyrus of the hippocampus, spinal cord, spinal ganglia, muscle spindle and muscle fibers.
Intramuscular inoculation Histology:
In the spinal cord and dorsal root ganglia, chromatolysis, Negri body-like inclusions and necrotic gangliocytes with proliferation of microglial cells, lymphocytes and macrophages were found from 4 days PI, and the numbers of necrotic neurons increased as the paralysis progressed at 7 days PI (Figs. 2a and 2b ). In the cerebral cortex, thalamus, brain stem and cerebellum (Fig. 2c) , similar histological changes were observed in infected neurons at the terminal stages. In the muscle fibers, at the site of inoculation, hyaline degeneration was found at 2 days PI and mild inflammatory cell infiltrates composed of neutrophils, lymphocytes and macrophages were observed around the small vessels. At 5 days PI, regeneration figures such as nuclear chains and proliferating myoblasts were observed (Fig. 3a) .
No histological changes were found in any area of the hippocampus or muscle spindles throughout the experiments.
Immunohistochemistry: The localization of viral antigens in the cerebral cortex, hippocampus, thalamus, brain stem, cerebellum, spinal cord and muscles are summarized in Table 2 . Antigen was initially observed in muscles at the site of inoculation in 2 of 3 infected mice at 2 days PI (Fig.  3b) . Rarely, antigen positive reactions were also found in the peripheral nerves in the muscles. At 4 days PI, virus positive neurons were observed in the spinal dorsal root ganglia (Fig. 3c), spinal cord (Fig. 3d ) and muscle spindles (Fig. 3e) around the sacral spina prior to the cerebrum, thalamus and cerebellum. At 5 days PI, virus positive neurons were detected in the cerebral cortex, thalamus, brain stem and cerebellum. The earliest hippocampal involvement was observed in the CA3 region at 7 days PI.
TUNEL assay: TUNEL staining was prominent in the external granular layer and scattered cells in the internal granular cell layer of the cerebellum. However, despite strong immunostaining for rabies virus antigen in cerebellar Purkinje cells, TUNEL staining was markedly less (Fig. 3f) . TUNEL staining was not observed in the spinal motor and/ or sensory neurons and spinal dorsal root ganglia gangliocytes. Some of the inflammatory cells and glial cells in the spinal cord and brain showed TUNEL staining.
DISCUSSION
In this study, clinicopathological appearances differed distinctly between intracerebrally and intramuscularly mice infected with the CVS-11 strain. After intracerebral inoculation, hippocampus and cerebral cortex neurons were the initial target, and apoptosis was induced before inflammatory cell infiltration. In addition, a good correlation between the distributions of apoptotic cells and viral antigen positive cells was observed. These findings are supported by the data reported by Jackson et al. [16, 17] and Theerasurakarn and Ubol [29] .
After hind limb inoculation, a more natural route of viral entry, viral antigen was first detected, and persisted until the terminal stages, in the muscle at the site of inoculation and was then detected in the spinal dorsal root ganglia, spinal cord and muscle spindles. These findings indicate that the virus reached the CNS in a retrograde direction through peripheral sensory nerves following replication in the muscles, and subsequently spread in an anterograde direction to distant muscle spindles. Limb paralysis appeared at the same time as necrotic changes and virus antigens were detected at 4 days PI. However, virus infected spinal motor and/or sensory neurons and spinal ganglion gangliocytes were TUNEL negative despite strong immunostaining. These results are partially in accordance with those of the previous report by Guigoniet et al. [10] , in which rat embryonic spinal motor neurons and spinal cord of rat neonates were more resistant to cytolysis and apoptosis than hippocampus neurons after CVS strain infection.
In this study, infiltration of inflammatory cells into the muscles at the site of inoculation, the spinal dorsal root ganglia and the spinal cord were observed in early stage of infection. In addition, paralytic signs were distinct in intramuscularly infected mice in spite of less cerebral destruction. Therefore, it was suggested that activation of local immune responses in peripheral muscle and spinal cord, and the dysfunction of infected spinal neurons were precedence of paralytic manifestations. The pathogenesis of rabies includes encephalitis and paralysis [23] . However, little explanation has been provided that would account for these diverse manifestations of infection with a common agent [12] . Immunosuppressed and athymic mice develop encephalitic rabies. This encephalitis occurs concomitantly with increased virus replication and destruction of neurons in the absence of detectable immune mediators [14, 32] . Paralytic rabies is found in immunocompetent mice only. Passive transfer of immune sera and activated lymphocytes to immunosuppressed mice results in paralysis and early death [14] . In contrast to mice, paralytic rabies in humans has been found with defective immune reactions, while encephalitic rabies cases have an active immune response to rabies. This raises questions as to whether immune responses are significant in rabies pathogenesis and whether the pathogenesis process differs in mice and human.
Muscle plays an important role in the pathogenesis of rabies. However, it remains to be determined whether viral replication in muscle is essential for further virus spread. In several experiments, local replication in myocytes after inoculation into muscle seemed to precede the appearance of viral material in the nervous system [4, 5, 11, 24, 25] . In contrast, Coulon et al. [8] and Shankar et al. [26] did not find any evidence of replication in the muscle, suggesting that the virus could penetrate directly into the nerve endings. The present study supported the former case because viral antigen was initially detected in muscles. Baer et al. [2] and Charlton et al. [6] reported long incubation periods in muscle of rabid animals. In the present study, viral antigens were persistently detected in muscle at the inoculation site and did not spread directly from one muscle fiber to another.
In this study, viral antigens were detected in spindle muscles at an early stage of infection when infected mice showed paralysis. The virus that initially or subsequently replicated in the spinal cord or spinal ganglia had directly descended to the spindles via sensory or/and motor nerve fibers. Muscle spindles are skeletal muscle mechanoreceptors that mediate the stretch reflex and provide axial and limb position information to the CNS. Spindles consist of encapsulated muscle fibers (intrafusal fibers) that are innervated by specialized sensory and motor neurons. However, we do not know the direct effects of viral infection in spindles on cellular function or paralysis as no evidence that suggested morphological changes was observed until the terminal stage of infection. Therefore, further studies are were observed. Bar=30 µm (Figs. 2a and 2c ), Bar=50 µm (Fig. 2b) . 
